We report the design of a monolithic piezoelectrically actuated microelectromechanical tunable verticalcavity surface-emitting laser (VCSEL). The main advantages of piezoelectric actuation compared with conventional capacitive techniques are improved wavelength control, reduced external and tilt losses, and lower power supply voltages. The details of the piezoelectric actuation scheme for a 980-nm VCSEL with a variable air gap are described. A tuning range of ϳ35 nm can theoretically be achieved with a 3-V power supply (2ϫ reduction from that of electrostatic actuation) by use of a 250-m-long cantilever beam. The proposed actuation mechanism is insensitive to the pull-in phenomenon, therefore improving wavelength control and reducing threshold current. Drastic improvements in power efficiency make it ideal for low-power applications such as all-optical communication, chip-scale atomic clocks, and biological studies. Tunable vertical-cavity surface-emitting lasers (VCSELs) have recently received increased attention because of their potential use in a wide range of application domains such as all-optical communications, chip-scale atomic clocks, and biological studies. Tunable lasers can provide low-cost and compact solutions for signal routing and switching in modern point-to-point links for dense wavelength-division multiplexing networks. 1,2 The next generation of chip-scale atomic clocks 3 also requires tunable VCSELs that can operate on an ultralow power budget. VCSELs are also being used as compact laser sources in biosensors and in label-free biological detection.
Tunable vertical-cavity surface-emitting lasers (VCSELs) have recently received increased attention because of their potential use in a wide range of application domains such as all-optical communications, chip-scale atomic clocks, and biological studies. Tunable lasers can provide low-cost and compact solutions for signal routing and switching in modern point-to-point links for dense wavelength-division multiplexing networks. 1, 2 The next generation of chip-scale atomic clocks 3 also requires tunable VCSELs that can operate on an ultralow power budget. VCSELs are also being used as compact laser sources in biosensors and in label-free biological detection. 4 Various structures of microelectromechanical-system (MEMS) tunable VCSELs have been reported. 5, 6 MEMS tunable structures are desirable because they provide for large tuning ranges and are compatible with current optoelectronic fabrication processes. Several micromechanical tuning elements have been investigated by use of either electrostatic or thermal actuation mechanisms. Major drawbacks of the capacitive actuation are the large tuning voltages that are needed and the actual allowed movement, which must be less than 1 / 3 of the gap size. Thermal actuation is a fairly novel actuation mechanism that provides large displacements for relatively small voltages. Such a solution suffers from low actuation speed (thermal transients are generally longer than mechanical transients) and slight complications in the fabrication process. In this Letter we present a novel actuation mechanism based on the piezoelectric properties of Al x Ga 1−x As. 7 Piezoelectric actuation can provide large displacements in both directions and does not suffer from electrostatic pull-in problems. Unlike in thermal actuation, the response speed here is not limited by thermal time constants. Furthermore, this is a monolithic solution and does not require the use of any additional external layers. By reducing the constraints on gap size, this novel actuation mechanism permits improved wavelength control and reduces external and tilt losses. A tuning range of ϳ35 nm was theoretically obtained for a 980-nm VCSEL that used a 3-V dc power supply. The ultralow-power budget of this monolithic piezoelectrically actuated MEMS tunable VCSEL makes the laser an optimal candidate for applications in modern optical communication systems and chip-scale atomic clocks.
A schematic view of the pieozelectrically actuated MEMS tunable VCSEL is shown in Fig. 1 . The device structure used for analysis of the performances of the tunable VCSEL is similar to that described in Ref. 8 . It consists of an n-doped bottom mirror of 33.5 alternating AlAs-GaAs quarter-wavelength pairs. The ac- tive region is a cavity of Al 0.6 Ga 0. 4 As with three 8-nm In 0.15 Ga 0.85 As quantum wells separated by 8-nm barriers. Five p-doped Al 0.1 Ga 0.9 As-Al 0.8 Ga 0.2 As pairs on top of the cavity form the fixed part of the top mirror. The movable part of the top mirror consists of a 1.2-m air gap (ϳ5 / 4 in air) and 20.5 Al 0.1 Ga 0.9 As-Al 0.8 Ga 0.2 As pairs that form a cantilever, which controls the size of the air gap. There are 18.5 p-doped pairs on the cantilever, which constitute the ground plane for the remaining 3 undoped pairs that provide the piezoelectric actuation. Applying a voltage bias to the top mirror causes it to deflect piezoelectrically, thereby shifting the Fabry-Perot mode and the lasing wavelength. Figure 1 shows a close-up view of a piezoelectrically actuated cantilever beam that could be used as a movable element to form the top DBR in a tunable VCSEL. Voltage applied to the top contact produces an effective electric field in the undoped stack formed by alternate layers of Al 0.1 Ga 0.9 As and Al 0.8 Ga 0.2 As. Such a vertical electric field causes a longitudinal strain (through the d 31 piezoelectric coefficient) in the undoped stack and results in an equivalent distributed force applied to the piezoactive part of the beam. Because of the offset of the active stack from the neutral axis of the beam, the distributed force results in a moment M that causes the beam to bend and change the air-gap size. By switching the polarity of the applied voltage it is possible to reverse the bending direction of the beam and therefore either shrink or enlarge the initial size of the air gap.
The analysis of the beam displacement was based on a closed-form solution derived by Weinberg 9 for a piezoelectrically actuated multilayer bimorph structure. Piezoelectric actuation was compared with electrostatic actuation for cantilever beams. The gap size ͑1.2 m͒ was chosen such that the desired tuning range ͑ϳ35 nm͒ could be obtained without the occurrence of the pull-in phenomenon for the capacitive case. For a 250-m-long cantilever beam (the analysis is general and could be extended to any beam length) Fig. 2 shows that piezoelectric actuation permits larger displacements than capacitive techniques for the same supply voltage. A 2ϫ reduction in power supply voltage was obtained for a displacement of 400 nm. In addition, the linear relationship between input voltage and beam displacement shown by piezoactuation is advantageous and simplifies tuning control. The choice of the number of piezoelectrically active layers for the top DBR was based on a compromise between maximum achievable displacement and breakdown voltage of the stacked layers. To achieve a desired gap displacement of at least 400 nm, we chose three active pairs for a 250-m-long cantilever beam. The maximum voltage that can be applied across the piezoactive stack is ϳ9 V.
The final lasing wavelength is determined by the overlap of the gain curve with the reflectivity spectrum. The top limit of the tuning range is 990 nm, which is given by the absorption edge of the quantum wells. The other tuning limit depends on the carrier injection and is approximately 945-955 nm. The reflectivity spectrum and the E-field distribution of the device were computed by the transfer matrix approach for different air gaps. 10 The device shows a single Fabry-Perot mode for gaps near ͑2n +1͒ /4, but the mode splits as the gap approaches multiples of / 2. The resultant plot of the lasing wavelength (red) as a function of air gap is shown in Fig. 3 , and the gain region is indicated for reference. We get a continuous single-mode tuning range of 37 nm ͑⌬͒ for a change in air gap of ϳ450 nm ͑⌬g͒, which implies a ͑⌬g͒ / ͑⌬͒ ratio of 12.16. For gaps beyond 1400 nm, a jump in lasing wavelength occurs because of splitting of the Fabry-Perot mode. Because the piezoelectric actuator is bidirectional, the initial gap can be set midway in the tuning range. From Fig. 2 , the maximum voltages required for coverage of a full range of 400 nm are ±3 V. In the capacitive case, ϳ8 V is required because the actuation is unidirectional and a large initial gap is needed to prevent electrostatic pull-in, which decreases the coupling between the air gap and the cavity.
The main parameters that affect the tuning range are the number of fixed p-DBR pairs, the refractive- index mismatch of these pairs, and the initial air gap. The air gap and the cavity act as coupled cavities, and the number of p-DBRs between them determines the extent of this coupling. As the number of p-DBRs decreases, a stronger electric field is present in the gap, and the coupling increases. Hence changes in the gap have stronger effects in the cavity, thereby increasing the tuning range. Increasing the index mismatch results in lower fields in the gap, leading to lower coupling and hence to lower tuning ranges. The effects of the number of DBRs and the index mismatch are listed in Table 1 . A smaller initial gap results in increased coupling of the cavities, leading to larger tuning ranges. Piezoelectric actuation is advantageous here, as the initial gap can be much smaller because of the absence of any pull-in effects.
The threshold current and the steady-state lightversus-current (L-I) curves are important device characteristics. Figure 4 shows the variation in threshold current and the L-I curves for several wavelengths in the tuning range. For gaps near /2 (corresponding to 950-960-nm wavelengths), threshold current increases drastically because the highest field strength regions are located in the gap rather than in the cavity. The slope of the L-I curve in these regions is also not so steep. Conversely, for gaps near ͑2n +1͒ / 4 (corresponding to 980-nm wavelength), the highest field strength regions are in the cavity and hence the threshold currents are lower and the slope of the L-I curve is greater. Finally, the L-I curve also depends on the initial air gap. Smaller initial gaps are desirable because they give much better mode confinement and hence increase the slope of the L-I curve and lower the threshold current.
A novel piezoelectric actuation scheme for tuning wavelength in a MEMS VCSEL has been reported. The GaAs-AlGaAs pairs of the top mirror can be used to produce a bending mode of the cantilever without any external actuators. Piezoelectric actuation has a linear response, permits bidirectional actuation, and does not suffer from the instability problems that are generally seen with capacitive actuation. This technique can also be used to reduce the initial gap, which results in an improved tuning range, a lower threshold current, and higher power efficiency. The tuning range for a 980-nm device was computed, and the threshold currents and L-I curves for various wavelengths were simulated. Application of this actuation scheme could enhance the tuning range and performance of MEMS VCSELs significantly.
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